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Abstract 
 To explore non-energy study uses of coal, an approach of anthracite coal activation and its 
Hg capture capacity was investigated to establish the feasibility of using anthracite for Hg 
emissions adsorption in the flue gas of coal-fired power plants. This research project was 
performed in two stages: an anthracite sample activation stage and a Hg adsorption stage. In the 
first step, anthracite coal produced by Blaschak Coal Corporation was activated by mixing it with 
potassium hydroxide (KOH) powder and heated to high temperature. Then hydrochloride acid was 
applied to remove KOH after the coal powder heating process. The treated samples were then sent 
to the Iacocca Laboratory at Lehigh University for BET analysis. During the second stage of the 
project, selected coal samples with large BET results were tested in their ability for Hg adsorption. 
Multiple parameters were explored in the activation trials and Hg adsorption tests to find optimal 
conditions for performance of the activated material for Hg sorption. Based on the laboratory 
findings, a process consisting of activated carbon impregnation at a KOH ratio of 100% at 800ºC  
carbonization temperature for 1 hour is recommended to produce an activated carbon with high 
Hg adsorption capacity. The Hg sorption capacity of this activated material was found to be 25.03 
ng/mg, comparable with 11.07 ng/mg of a commercial activated carbon. The Iodine number of the 
activated material was also found to be comparable to that of a commercial activated carbon, 580 
mg/g vs. 268 mg/g, respectively. 
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Chapter 1: Introduction 
1.1 Hg Emissions 
1.1.1 Physical and Chemical Characteristics of Mercury 
As a naturally occurring element, Mercury (Hg) is the only common metal which exists in 
liquid phase under room temperature [1]. On the website of Occupational Safety and Health 
Administration (OSHA), Hg is descripted as “An odorless, silvery metallic liquid.” Table 1.1 
shows its basic physical properties. 
Table 1.1.1. Physical Properties of Hg [1] 
Atomic Number 80 
Molecular Weight 200.59 gram/mol 
Density 13.6 gram/mL at 20°C 
Boiling Point 674°F or 356.7°C 
Melting Point -38°F or -38.83°C 
Vapor Pressure 0.0012 mmHg 
 
Element Hg, or Hg0, is stable and inert when stored under standard temperature and 
pressure (STP). However, its vaporized, compounded form (i.e. in the flue gas) is harmful to the 
human body and would cause serious diseases such as brain damage, kidney damage etc. [3] 
According to the OSHA’s Chemical Database, the permissible exposure limits of Hg in general 
and maritime industries are 0.1 mg/m3 [2]. 
In the gas phase, Hg exists in three oxidation states: 0, +1 and +2. The 0 and +2 oxidation 
states are the more common types of Hg that occur in the atmosphere [4]. Hg0 is inert, volatile and 
practically insoluble in water. It is stable to travel for long distances, due to various events (natural 
or human activities) and stay in the environment. Hg2+ is water soluble and tends to form 
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particulate-bound Hg. Particulate Hg, Hgp, can be captured efficiently by typical air pollution 
control devices (APCD) [5]. Due to the differences in physical and chemical properties, between 
Hgp and Hg2+, various Hg removal methods are applied to remove the corresponding oxidation 
state and phase of Hg.  
 
1.1.2 Hg Emission Sources 
As mentioned in the previous section, natural events and human activity are the sources of 
Hg emissions on earth. Hg is widely used in modern society such as cosmetics, photography, anti-
bacterial chemical etc. However, elemental Hg discharged from the different sources accumulates 
in the environment and is undesirable, which makes regulation of Hg emissions necessary. 
Municipal Solid Waste (MSW) is one of the major anthropogenic sources of Hg discharge. 
It includes solid wastes discarded by people daily from homes and infrastructures such as hospitals, 
schools, etc. [7] Hg emissions from MSW has been a major issue because of the solid waste disposal 
methods. According to an U.S. Environmental Protection Agency (EPA)’s data report, about 709 
tons of Hg were discharged from MSWs in the U.S. in 1989. After the time period of 1990-1993, 
which is considered as the “baseline period” [9] for Hg emissions, Hg released to the air decreased 
annually in substantial amounts from all sources of human activities. The visual results are shown 
in Figure 1.1.1.   
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Hg has been detected from MSW facilities and after combusting solid waste. Also, the 
pollution of the environment from Hg happens due to other means such as landfill and recycling. 
Even the waste transportation process for combustion would cause Hg leakage to the environment. 
According to a study of Florida’s landfill, significant amounts of Hg flux is released to the air at 
transfer facilities (about 0.1 gram/ hour) and dumpsters (about 0.03 gram/ hour for 1,000 dumpsters) 
[8]. 
In 2015, the EPA submitted data entitled “Exhibit 1. Anthropogenic Hg Emissions in the 
U.S. by Source Category 1990-2014”. EPA estimated that the annual Hg emissions of the entire 
U.S. decreased 79% between 1990-2014 from 246 tons per year to 52 tons per year [9] due to the 
significant reductions of Hg emission from medical waste incinerators, coal burners and municipal 
waste combustors. Regulation of Hg reduction includes setting emission limits and use existing 
control technologies to address toxic pollutants [6]. Although the total Hg emissions were 
significantly reduced during the past decades, coal-fired power plants are still a major human 
source to release Hg to the air in the U.S. Figure 1.1.1 shows that coal-fired power plants 
contributed 44% of the entire Hg emissions data in 2014 [9]. 
 
Figure 1.1.1. Hg Emissions by Human Activities in the U.S. 1990-2014[9] 
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1.1.2.1 Hg Emissions from Coal Burning in Power Plants 
Figure 1.1.1 indicates that coal burning industries such as power plants are the largest 
source contributing to Hg emissions in the U.S. This section introduces the various types of coal 
and burning configurations. 
Electricity plays an important role in modern society, and coal fired power plants are one 
of the major sources in generating electricity by coal combustion in the world. Figure 1.1.2 shows 
the world electricity generation analysis and the contribution of each generating method and from 
this chart, coal burning power plants contribute 39% of the entire electricity production in 2015, 
which is the most widely applied method in the world [11].  
 
Figure 1.1.2. World Electricity Generation – 2015 [11] 
 
Coal-fired power plants use enormous amount of coal to produce electricity, which 
contributed to 93% of the entire coal consumption in the U.S [15]. In 2018, the U.S. Energy 
Information Administration (EIA) reported that coal consumption in the United States is 691 
million short tons [15]. 
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Figure 1.1.3. U.S. Coal Data Overview [16] 
 
 
Figure 1.1.4. U.S. Primary Energy Consumption [16] 
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Figure 1.1.3 shows the overview of the U.S. coal data from 1949 to 2018. The coal data 
indicate that coal usage is declining since 2007. From an EIA’s report, the decline in coal use in 
the electric power sectors was the main reason of the reduction. The electric power sector is the 
largest coal consumer in the U.S. and the decline in coal consumption is the result of coal-fired 
power plants retirement and decreases in power sector’s capacity factors. Figure 1.1.4 indicates 
that traditional fossil fuel energy continues to be replaced by natural gas and renewable energy 
sources. The reason of coal consumption reduction also includes environmental concern and the 
increasing competition from natural gas and renewable sources in market share [15]. In 2018, 12.9 
gigawatts of coal fired units were retired, and 14.6 gigawatts of natural gas fired units were added 
during the same time period [15]. 
Though coal consumption is decreasing annually, coal combustion is still a common 
method to generate electricity in today’s world, especially at developing countries. For example, 
based on International Energy Agency (IEA)’s data, some of the Asian countries such as China 
and India burnt coal to generate 70-75% of their power source; 94% of electricity came from coal 
combustion in South Africa [11]. Such high demand on coal has made coal fired power plant been 
considered as a main source of Hg emissions. In 2014 the U.S. National Emission Inventory reports 
that Hg released by coal fired units was 22.9 tons out of 55 tons of total Hg emission through that 
year [14].  
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1.2 Anthracite Coal 
Coal used in power plants can be classified in four types: subbituminous, bituminous, 
lignite and anthracite. 
Table 1.2.1 indicates that subbituminous and bituminous are the most used coal products. 
Although anthracite accounts for 0.2% of the entire production, anthracite is targeted in this study 
due to the interest by an anthracite mining company in Pennsylvania, Blaschak Coal Corporation 
(BCC), to diversify their use of coal for non-energy applications. This study focuses on the 
development of a procedure for activation of anthracite coal to produce a sorbent for Hg sorption 
in coal-fired power plants. The research results proved the feasibility of utilizing anthracite from 
Blaschak Coal Corporation to produce a Hg sorbent.  
Table 1.2.1. Coal Data in 2010 [19] 
 price($/ton) 
% of 
Production 
Carbon 
 Content (%) 
Energy 
Content (%) 
Bituminous 59.47 45% 45-86 54% 
Subbituminous 13.08 47% 35-45 41% 
Lignite 18.49 7% 25-35 4.70% 
Anthracite 52.74 0.20% 86-97 0.30% 
 
1.2.1 Composition and Properties 
As mentioned in the previous paragraph, anthracite is categorized as a high rank coal due 
to its high carbon content which is the highest of the four coal types. Anthracite has been used also 
for compliance with environmental regulation. [20] Activated carbon is traditionally used for Hg 
removal for industrial applications and the objective of this project is to explore a different route 
to produce a Hg adsorbent, as compared to a commercially available activated carbon powder. The 
anthracite samples for this research project were from the Latimar #5 mining site, as provided by 
Blaschak Coal Corporation and analyzed by Hawk Mountain Labs. (Table 1.2.2) 
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Table 1.2.2. Analysis Data of Anthracite [22] 
Gross Weight (Kg) % Air Dry Loss % Dry Raw Ash 
225.4 3.53 64.54 
Analysis Result As Determined Dry Basis 
% Carbon 83.43 84.79 
% Hydrogen 1.9 1.75 
% Nitrogen 0.86 0.87 
% Sulfur 0.67 0.68 
% Ash 9.51 9.66 
% Oxygen 3.63 2.24 
% Moisture 1.6   
Dulong Value (Btu/lb.) 13271   
  
 
1.2.2 Hg Emissions from Coal 
Due to its low volatile matter and high carbon content, anthracite coal has been commonly 
used as a domestic fuel for heating or electric production. As mentioned in the previous section, 
Hg released from coal-fired power plants is a major contributor to the annual Hg emissions in the 
U.S. Table 1.2.3 presents the Hg content and calorific value of various coal samples from selected 
coal-producing regions in the U.S. The results in Table 1.2.3 are from the QUALCOAL database 
which is a reliable source to provide information on trace element concentrations in U.S. coals and 
proved by the U.S. Geological Survey (USGS) [23], and it has been calculated by EPA as a reference 
for as-received sample applications.  
 
 
 
 
 
 
 10 
 
Table 1.2.3. Hg Concentrations and Calorific Values of Various Coal Samples (as received). [23]  
 
 
Elemental Hg produced by power plants are generally not considered as harmful to human 
body. However, according to a U.S. Geological Survey’s report, it is still necessary to control their 
Hg emissions because Hg0 can go through multiple stages of chemical reaction and produce highly 
toxic compounds in natural environments [24]. Therefore, solutions for Hg emissions reduction 
from coal-fired power plants may help in minimizing the health risk of being exposed to excess 
amounts of Hg [25]. 
 
 
 
 
 
 
Median Mean No. Median Mean No.
Appalachian, northern 0.19 0.24 1,613 12,570 12,440 1,506
Appalachian, central 0.1 0.15 1,747 13,360 13,210 1,648
Appalachian, southern 0.18 0.21 975 12,850 12,760 969
Eastern Interior 0.07 0.1 289 11,510 11,450 255
Fort Union 0.08 0.1 300 6,280 6,360 277
Green River 0.06 0.09 388 9,940 9,560 264
Gulf Coast 0.13 0.16 141 6,440 6,470 110
Pennsylvania
Anthracite 0.1 0.1 51 12,860 12,520 39
Powder River 0.06 0.08 612 8,050 8,090 489
Raton Mesa 0.05 0.09 40 12,500 12,300 34
San Juan River 0.04 0.08 192 9,340 9,610 173
Uinta 0.04 0.07 253 11,280 10,810 226
Western Interior 0.14 0.18 286 11,320 11,420 261
Wind River 0.08 0.15 42 9,580 9,560 42
Mercury (ppm) Calorific Value (Btu/lb)
Coal-producing Region
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1.3 Previous Studies on Coal-Based Material Activation for Hg 
Adsorption 
Activated carbon (AC), or activated charcoal, is a processed form of carbon material which 
has high degree of micro-porosity and greater surface area [41]. The surface area of AC typically 
ranges up to 1,500 m2/g and pore volume sizes are of the order of 0.20 to 0.60 cm3/g [42]. Due to 
these characteristics and its high surface reactivity degree [42], AC was found to be a powerful tool 
in various environmental applications in multiple fields. For example, Boopathy et al. [43] 
employed activated carbon to remove contaminations from waste water. Wei et al. [44] reported the 
efficiency of an AC-based sorbent for Hg removal in flue gas. In general, activated carbon products 
are available in granular, powder and pellet form [45]. Dabrowski et al. [47-49] stated that granular 
and powder are the most commonly used types of AC. 
Materials with high carbon concentration and low inorganic contents have been used for 
activated carbon preparation [50,51]. Some of these are by-products from agriculture or industries 
which are characterized by being renewable, low ash content, abundant, and of high mechanical 
strength and low-cost [45]. Various studies have shown the utilization of recycling agriculture and 
industrial wastes or biomass residues for AC production such as jujube seeds [50], sago wastes [52], 
tire wastes, oak and pine woods [53], rice husk [54,55], hazelnut shells, etc. [51] The structure and 
production processes of the preparation materials are important in determining the AC’s maximum 
adsorptive capacity. Table 1.3.1 shows the characteristics of some raw materials used in activated 
carbon preparation. 
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Table 1.3.1. Characteristics of AC Preparation Materials [47]   
 
 
1.3.1 Anthracite Activation 
Activated carbon generation methods are categorized as the following main processes: 
physical and chemical activation [50,51,56,57]. Physical Activation includes two steps: carbonization 
of source material and activation of the carbonized char at high temperature with carbon dioxide 
steam, air or a mixture of these three gases. Carbonization temperatures typically range between 
400 and 850ºC  [58], which helps in minimizing volatile matter reduction and increasing the 
percentage of carbon content to be converted to activated carbon from the raw materials. This step 
determines the initial porous structure of the selected sample and the oxidation process is used for 
creating micropores which is critical for the adsorption process [42]. In chemical activation process, 
carbon or raw preparation materials are mixed with chemical agents such as alkaline metal 
compounds (potassium hydroxide (KOH) or zinc chloride (ZnCl2)) for dehydration. [61, 62] 
Carbonization and activation are commonly combined within the chemical activation process. 
Tadda et al. [45] stated that AC results in better porous structures when both steps, physical and 
chemical occurs simultaneously at lower temperature. Note that the chemical agent used in 
Raw material 
Carbon 
(mass %)
Volatiles 
(mass %)
Density 
(cm^3/g)
Ash 
(mass %)
Texture of AC
Soft wood 40 – 45 55 – 60 0.4 – 0.5 0.3 – 1.1 Soft, large-pore volume
Hard wood 40 – 42 55 – 60 0.55 – 0.8 0.3 – 1.2 Soft, large-pore volume
Lignin 35 – 40 58 – 60 0.3 – 0.4 - Soft, large-pore volume
Nutshells 40 – 45 55 – 60 1.40 - Hard, large micro-pore volume
Lignite 55 – 70 25 – 40 1.0 – 1.35 5 – 6 Hard, small-pore volume
Soft coal 65 – 80 20 – 30 1.25 – 1.5 2 – 12 Medium-hard, medium-pore volume
Petroleum coke 70 – 85 15 – 20 1.35 0.5 – 0.7 Medium-hard, medium-pore volume
Semi-hard coal 70 – 75 10 – 15 1.45 5 – 15 Hard, large-pore volume
Hard coal 85 – 95 5 – 15 1.5 – 1.8 2 – 15 Hard, large-pore volume
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activation will generate impurities to be found in the AC products. Therefore, additional steps 
maybe needed to eliminate superfluous elements. Pyrolysis can occur in the process of activation 
when carbon samples are heated to high temperatures (300 – 900ºC ), which leads to permanent 
changes on the material’s physical phase and chemical properties [60]. Lozano-Castelló et al. [61] 
reported that pyrolysis processes enrich the carbon content and creates a more ordered structure, 
with porosity developing after the impregnated chemical agents and eliminated from the activated 
product.  
The carbon activation process and the precursor itself are both necessary in determining 
the porous characteristics which is one of the key factors in activated carbon applicability as 
adsorbents [61]. As mentioned in the previous sections, anthracite has a high carbon content, which 
makes it a valuable option for carbon activation. Illa´n-Go´mez et al [62]. in 1996 analyzed Spanish 
coal samples and reported that activated carbon produced by anthracites can achieve stable pore 
size, which also showed that KOH is an efficient chemical agent for carbon activation process. 
 
1.3.2 Hg Sorbents 
Current available Hg removal technologies include dry sorbents, scrubbing solutions, 
electric discharges, etc. In general, Hg has both elemental and oxidized phases that exist in the flue 
gas. The current project’s scope includes a review of dry sorbent technologies that remove Hg 
from flue gas. 
A broad range of materials have been studied for their abilities in Hg adsorption, which 
include activated carbons [68-73], noble metals [73-78], base metals [77,79,80], selenium [81] and metal 
oxides [82-87]. Additionally, numerous chemicals, called promoters, have been reported to be able 
to help or hamper adsorption performance when testing. Promoters include sulfides [90,91], lime 
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[69,93,94] and halides [72,74,80,88,89]. Absorption represents a short-term capture of Hg vapor by sorbent 
particles in their pore structure. Physisorption or physical adsorption, is a low temperature process 
that accumulate sorbates on sorbents’ particle surfaces connected by Van der Waals forces [95,96]. 
Chemisorption, or chemical adsorption, involves a chemical reaction between the sorbent particle 
surface and sorbate and it is limited to a monolayer level [67]. New electronic bonds are created for 
the connection due to the interaction generated between adsorbate and substrate surface [95].  
To illustrate the above mechanisms, gold will be dissolved into Hg at room temperature, 
where gold molecules will amalgamate Hg molecules and form a monolayer [67]. This phenomenon 
that occurs between gold and Hg is also called amalgamation. Specific sorbents remove Hg by 
chemical reaction. When in contact with Hg in the flue gas, selenium will combine with Hg to 
form Hg selenide (HgSe) at high temperatures (~ 650ºC ) [81]. The adsorption mechanisms may 
occur in certain cases. Granite et al. [67] reported adsorption and physisorption occurring in high 
surface area aluminosilicate at 150ºC , with possible chemical reaction when temperature rises to 
700-1200ºC . Promoters will not react or sorb with Hg; however, it will increase the sorbent’s Hg 
adsorption capacity. Lime is an example which is commonly applied with commercial sorbents 
such as activated carbon, for Hg emissions reduction in coal-fired power plants [93,94,97].  
Extensive research has been carried out to study Hg adsorption capacities of multiple coal 
products. David et al. discussed the practicality of fly ash as a Hg sorbent [33-40]. Various studies 
have also indicated that activated carbon is a choice for Hg0 adsorption [26-31]. This research project 
focused on activating anthracite as a gas phase Hg sorbent, in comparison to commonly available 
activated carbon.  
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Chapter 2: Experiment Methods and Procedures 
 This research project was performed in two phases: an anthracite activation stage and a Hg 
adsorption stage. In the anthracite activation stage, prepared dry anthracite samples were mixed 
with potassium hydroxide powder (KOH) and heated under different conditions (temperature, 
heating time, heating rate, etc.). After the activation process, the samples were washed with 
hydrochloric acid (HCl) to remove remaining KOH. Multiple samples were made under controlled 
variables. Washed samples were dehydrated to produce final activated anthracite samples. The 
final activated samples were analyzed by a Micromeritics ASAP 2020 Surface Area and Porosity 
Analyzer, which is located at Lehigh’s Chemical Engineering Laboratory to obtain product’s 
Brunauer–Emmett–Teller (BET) test results such as particle size, surface area and pore volume. 
In the Hg adsorption stage, the activated anthracite samples were tested for their Hg adsorption 
capacity. These tests were performed using a packed bed system where certain amount of Hg laden 
gas was able to constantly flow through the samples. Details of the experiments will be presented 
in this chapter.  
 
2.1 Tube Furnace Experiments 
 Raw anthracite coal was dehydrated before mixing it with KOH powder. Samples were 
dried in a stainless-steel electric toaster oven at 110ºC  overnight. After cooled down the samples 
were then mixed with KOH powder from Carolina Chemical Supply (Figure 2.1.1). Five grams of 
anthracite were mixed with 0, 0.5, 2.5 and 5 grams of KOH depending on the KOH/anthracite 
weight ratios of 0%, 10%, 50% and 100% (see Figure 2.1.2). Note that sample with 0% KOH is 
activated by a physical method since no chemical agent was involved. The mixed samples were 
then heated from room temperature to different target temperatures (700, 800, 900°C) with a 
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10°C/min heating rate in 200 ml/min nitrogen flow. Samples were kept at the target temperature 
for 1 hour before cooling down at the same N2 flow rate. The test matrix of activated sample’s 
testing conditions and BET surface area results are shown in Table 3.1.1. 
 
 
 
Figure 2.1.1. Potassium Hydroxide (KOH) in Plastic Bottle from Carolina Chemical Supply 
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Figure 2.1.2. Mixture of Anthracite and KOH with Different Mass Ratios. (0%KOH: upper left; 
10%: bottom left; 50%: bottom right; 100%: upper right) 
 
The mixtures of anthracite and KOH were then placed in alumina trays and placed in STT-
1200C-3.5-12 High Temperature Tube Furnace for carbonization. This furnace uses a K-type 
thermocouple, a Nanodac programmable temperature controller and high temperature metallic 
heating elements. Table 2.1.1 shows the basic information of the STT-1200C-3.5-12 High 
Temperature Tube Furnace System. The Nanodac temperature controller is designed to set up 
controllable variables such as target temperature and gas flow rate for the heating process (Figure 
2.1.4). The heating system also includes an Instrutech Busy Bee vacuum gauge PCM 301 Module 
and two Aalborg GFC Mass flow Controllers for controlling the flow rate of N2 and CO2. Airgas 
Company was the source of compressed Ultrapure N2 and CO2. The furnace system information is 
shown below in Figure 2.1.3. 
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Table 2.1.1. STT-1200C-3.5-12 High Temperature Tube Furnace System Specification [98] 
System Information 
Furnace Max Power 3 kW 
Voltage (Single Phase) 208 V x 20A 
Max Temperature 1200ºC 
Max Pressure 10 PSIG 
Heating Zone Length 12 inches 
 
 
 
 
 
Figure 2.1.3. Tube Furnace System 
 (Mass Flow Controller: left side brown box; Tube Furnace: right side in the figure) 
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Figure 2.1.4. Nanodac Temperature Control Program (700°C heating test)  
 
After heat treatment, samples were washed using a HCl aqueous solution (Figure 2.1.5) to 
remove extra activating agent in the anthracite samples. The removal of KOH by HCl can be 
depicted by the following equation: 
        KOH (aq) + HCl (aq)  →   KCl (l) +  H2O (aq) + ℎ𝑒𝑎𝑡  (1)  
Distilled water was then applied in the washing process until the sample was free of potassium and 
chloride ions. In general, the washing processes for each sample took 1-1.5 hours. Each sample 
was then dried at 110°C  for at least 12 hours after potassium chloride (KCl) was removed. The 
final activated anthracite samples were placed and labeled in glass test tubes and Ziploc bags 
(Figure 2.1.6). 
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As for testing for Hg adsorption, commercial activated carbon, raw anthracite coal, 
activated anthracite samples, and a hydrobromide (HBr) aqueous solution-soaked coal sample 
were tested in a Packed Bed Test System which will be described later in this section. For HBr as 
a chemical agent to activate coal samples, previous studies have reported that HBr has significant 
influence in porous development of carbon activation [112]. In the current study, a 10% HBr/Coal 
sample mass ratio applied for activation. The raw coal sample was immersed in HBr aqueous 
solution and dried in the toaster oven at 110°C for 12 hours.  
 
 
 
Figure 2.1.5. Hydrochloric Acid Solution (36-38%) 
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Figure 2.1.6. Activated Sample (700-900ºC , 0-100% KOH, 10ºC /min. 0.2L/min N2) 
 
2.2 BET Method and Equipment 
 Sample porous structure characterization was analyzed following activation using an 
Accelerated Surface Area and Porosimetry (ASAP) 2020 system located at Lehigh’s Chemical 
Engineering Department. Figures 2.2.1-2.2.2 show the front control panel of the ASAP 2020 
system. It has two vaccum systems: a sample preparation system and a sample analysis system 
which is used for analysis and to collect porous texture data, respectively. Function description of 
each components about the front operation panel are listed in Tables 2.2.1-2.2.2. An analysis 
software program is included to monitor and control the analyzer. This section introduces the BET 
theory and presents the BET operating machine with a brief description of the analysis procedure. 
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Figure 2.2.1. ASAP2020 Front Panel [97] 
 
 
Table 2.2.1. ASAP2020 Front Panel Component Description [97] 
Green indicator light  Illuminated when power is applied to the analyzer. 
Vacuum pump panel  Allows access to the vacuum pumps. 
Vacuum pump sight 
window 
The vacuum pump sight windows enable inspection to the oil levels in the 
degas and analysis pumps. 
Vacuum pump drain 
 Provides a convenient method of draining fluid from the pump when 
service is required. 
High vacuum pump 
 A high vacuum pump is used on all but the basic nitrogen instrument. A 
second-high vacuum pump is installed as an option on the degas system. 
Connections, as well as an on/off (breaker) switch, are located on the 
front right side of the analyzer beneath the work surface. Remove (or fold 
over to the left) the rubber mat from the work surface and lift off the 
metal cover. 
Indicator lights (located on the underside of the upper extension of the 
front panel) illuminate when the high vacuum pump is operating. Left 
light = degas; right light = analysis.  
Elevator  Allows placement of the Dewar around the sample tube. 
 23 
 
 
Figure 2.2.2. ASAP2020 Front Panel Underside [97] 
 
Table 2.2.2. ASAP2020 Front Panel Underside Extension Component Description [97] 
Degas ports 
 Allow you to degas up to two samples. Each degassing port has 
connections for a heating mantle. 
Heating mantle 
thermocouple 
Allows connection of a heating mantle thermocouple (one for each 
degas port). 
Heating mantle power 
connector 
Allows connection of the heating mantle power cord (one for each 
heating mantle). 
Heating mantle breaker 
 Protects the circuitry for the heating mantle in the event of a failure 
(one for each heating mantle). If the circuit breaker trips (pops out), 
call your Micromeritics service representative. 
Cold Traps  Two cold traps are provided; one for degassing and one for analysis. 
High vacuum pump indicators 
Illuminate when the high vacuum pumps are operating at normal 
speed. The left indicator is for degas operations and the right one 
for analysis. 
Sample port 
 For installing the sample tube containing the material you wish to 
analyze. 
Po port  
For installing a Po (saturation pressure) tube when performing 
physisorption analyses. 
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Sample tube preparation included choosing, cleaning and determining the amount of 
sample needed to generate accurate and reproducible results. Based on the operation manual [97], a 
sample tube set includes a sample tube, a stopper (seal frit) and a filler rod. Standard sample tubes 
for the ASAP2020 degas and analysis stations have a 1.27-cm (1/2-in.) outside diameter (OD). 
Stopped ferrules, smaller O-rings, isothermal jackets, and filler rods are available for adapting 
smaller stems to the degas or analysis ports. Filler rods are not necessary for cases where the 
material total surface area is over 100 m2 to reduce free-space volume [97]. Therefore, this rod was 
not used when analyzing activated carbon samples. Sample tubes must be clean and dry before 
samples are added in. The tubes were first set in a 110°C drying oven then filled with Alconox 
detergent and cleaned in an ultrasonic cleaning unit. After the washing process, nitrogen gas was 
used for drying. The sample was then weighted and sent for degassing. 
 The sample degassing process is needed to remove moisture and potential contaminants 
before performing the analysis. The analyzer is equipped with a SmartVac degassing system which 
allows this system to process degassing automatically once the sample tube is plugged into the 
Degas Port. The degassed sample was then weighed and transferred to the Analysis Port.  
The Brunauer-Emmett-Teller (BET) theory explains the physisorption of gas molecules on 
solid material surface. Stephen Brunauer, Paul Hugh Emmett and Edward Teller published an 
article about BET theory in 1938 and it has been applied in various fields such as activated carbon, 
cements and catalysis since then [98]. The BET theory is an extension of the Langmuir theory, 
which focuses on monolayer molecular adsorption [99]. The resulting expression for BET results 
testing is shown below [98]: 
𝑝
𝑣(𝑝0 − 𝑝)
=  
1
𝑣𝑚𝑐
+  
𝑐 − 1
𝑣𝑚𝑐
 
𝑝
𝑝0
                                               (2) 
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Where p and p0 are the equilibrium and the saturation pressure of adsorbates at the adsorption 
temperature, v represents the total volume of adsorbed gas, vm is the volume of adsorbed gas when 
the sorbent surface is fully covered with a unimolecular layer and c is the BET constant which can 
be expressed as: 
    c =
𝑎1𝑔
𝑏1
exp(
𝐸1 − 𝐸𝐿
𝑅𝑇
)                                                         (3) 
where a1,b1 and g are constants, E1 and EL are the adsorption heat for the first layer and higher 
layers, respectively, R is the ideal gas constant and T stands for temperature.  
The total surface area Stot and the specific surface area SBET can be calculated by the 
following equations: 
       𝑆𝑡𝑜𝑡 =  𝑣𝑚𝑁𝑆𝑐𝑟𝑜𝑠𝑠                                                           (4) 
                                                             𝑆𝐵𝐸𝑇 =  
𝑆𝑡𝑜𝑡
𝑀𝑎𝑠𝑠 
                                                     (5)           
 Where N is the Avogadro’s number and s is the average molecular cross-sectional area.   
Adsorption of certain amount of gas at a given pressure is the key in determining the surface 
area. When performing the BET analysis, the analyzer records pressures of gas in the sample 
according to adsorption and desorption to calculate the amount of gas adsorbed and desorbed (STP 
volume). The porous property results such as surface area and pore size volume can be recorded 
and collected by the software of the ASAP 2020 analyzer. Figure 2.2.3 shows a screenshot of the 
BET analyzer computer interface. Two smaller pop-up windows in this figure are showing the 
degassing and sample analysis processes. The window on the right side shows the ongoing 
degassing process and the left side window indicates the BET results analysis process. 
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Figure 2.2.3. Micromeritics ASAP 2020 Surface Area and Porosity Analyzer PC Software 
Operation Interface 
 
2.3 Packed Bed Test System 
To test the activated anthracite samples’ ability for Hg adsorption in flue gas, a packed bed 
test system was built at the Energy Research Center Hg Laboratory A145. Figure 2.3.1 shows the 
Packed Bed Test System components. The system consists of a PSA 10.534 Hg Generator 
(CAVKIT), an Ohio Lumex Hg Analyzer RA-915+ Hg spectrometer, nitrogen gas cylinder, FL-
3849G flowmeter (flow rate range 0.054-22.536 L/min), PFA tubes and a quartz reactor bed with 
1.4 inches outer diameter (OD), 1.2 inches inner diameter (ID) and 16 inches of length.  Note that 
CAVKIT is at a room next to the Hg testing room which is behind the glass window in Figure 
2.3.1.  
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Figure 2.3.1. Packed Bed Test System (Left to right): Rapid program displayed on computer 
monitor, Ohio Lumex Hg Analyzer set, quartz reactor bed connected with N2 gas cylinder, 
CAVKIT Hg Calibration System (behind the glass window) 
 
 Instead of using a real flue gas, experiments were carried out using nitrogen gas as a Hg 
carrier gas. The flue gas usually consists of not only nitrogen, but also CO2, water vapor and a 
small amount of trace pollutants [103]. Activated carbon can also adsorb some other pollutants in 
the flue gas such as arsenic, sulfur dioxide (SO2), etc. [67]. Therefore, pure N2 gas was used in the 
Hg adsorption test to eliminate the adsorption effect from other trace elements/chemical 
compounds in real flue gas. 
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Figure 2.3.2. Packed Bed System Structure  
 
 Figure 2.3.2 shows a schematic of the Hg testing system. Devices and components were 
connected using Swagelok PFA tubes. All junctions were well sealed by Teflon. During testing, 
the nitrogen gas carries Hg vapor generated by the CAVKIT’s Hg reservoir. This mixture of gas 
passes through a flowmeter where the flow rate can be recorded. There are two flow routes in the 
figure. Route 1: tube connected with quartz reactor bed with a check valve, and Route 2: tube 
connection with check valve only. Check valves are used to control gas flow to the selected route. 
The three-way valve is used to change the gas flow to a selected path. When the Packed Bed 
System was set on Route 1, N2 gas flows into the CAVKIT and carries elemental Hg flows directly 
into the Ohio Lumex Analyzer RA-915+ Hg spectrometer. As for Route 2, the Hg gas flow passes 
through the reactor bed with the coal sample impregnated inside, then the excessive flow is 
collected by the RA-915+. This device provided measurement data every one second then record 
all the measured data during the testing time period and show them as a red curve (see Figure 
2.3.3). Figure 2.3.3 shows a gas test screenshot measured by RA-915+ with 0.06-gram AC1, and 
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22,050 ng/m3 Hg gas concentration. The flow rate of testing gas was 3.17 Liter/min as measured 
by a FL-3840G flowmeter from OMEGA Engineering.  
 
Figure 2.3.3. Hg Adsorption Test  
(0.06g AC1 sample, 22,050 ng/m3 Hg concentration, flow rate: 3.17 L/min) 
 
 The packed bed test was designed for testing the Hg adsorption capacity of the activated 
samples. For the tests, commercial activated carbon provided by CABOT Inc (AC1, see Figure 
2.3.7), raw anthracite coal, raw coal with heat treatment and dried coal sample mixed with a 48% 
HBr water solution (Figure 2.3.8) were tested and results will be presented in Chapter 3. Figure 
2.3.4-2.3.8 show some of the elements used in the Hg test setup. 
 
Figure 2.3.4. Fused Quartz Wool from Technical Glass Products [104] 
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Figure 2.3.5. Anthracite Coal Sample in Quartz Packed Bed (top view) 
 
 
Figure 2.3.6. AC Layer Hold by Quartz Fiber (side view) 
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Figure 2.3.7. Commercial Activated Carbon Bottle from CABOT Inc. 
 
Figure 2.3.8. Hydrobromic Acid Solution Bottle (48%) from Alfa Aesar Chemical Supply 
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Nitrogen gas flow at a constant rate was controlled by a pressure regulator. Figure 2.3.9 
shows the control panel of the PSA CAVKIT Hg Calibration System. Three knobs in the figure 
are used in controlling temperature and Hg concentration. The Hg concentration can be controlled 
by the right side knobs. The upper right knob controls Hg reservoir flow rate and the lower one 
controls dilution flow rate. The left side knob on the control panel controls the reservoir 
temperature which was set at 30℃. Therefore the flow gas must go through path 2 at first before 
flowing into the quartz reactor bed to ensure the Hg concentration is stable. Figure 2.3.5-2.3.6 
show the impregnated activated carbon sample in the quartz reactor bed with top and side views. 
The activated carbon sample covered the quartz tube cross section and it was supported by fused 
quartz wool (Figure 2.3.4). The simulated gas stream Hg is then flown through the reactor bed. An 
internal and schematic structure of the CAVKIT are shown in Figures 2.3.9-2.3.11. Note that due 
to the precision of the CAVKIT’s calibration system, it was used as a Hg generator only in this 
research. The actual Hg concentration is measured and recorded by the Ohio Lumex Hg Analyzer 
set (see Figure 2.4.1). 
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Figure 2.3.9. CAVKIT Front Control Panel 
 
 
Figure 2.3.10. CAVKIT Internal Structure 
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Figure 2.3.11. CAVKIT Schematic Diagram [102] 
 
2.4 Hg Analysis Set 
 As part of the packed bed test system, the RA-915M Hg analyzer set was used for 
measuring Hg content in the simulated flue gas test. The PYRO-915+ attachment fit to the RA-
915+ provides direct determination of total Hg content in liquid and solid samples. Ohio Lumex 
RAPID computer program was used in the calibration and analysis the data. This section describes 
the Hg measurement test procedures in gas and solid samples.  
 To process the gas test for Hg measurement, the RA-915+ Hg spectrometer needs to be 
calibrated for accurate results. The Hg loaded stream is sent to the RA-915+ and it measures Hg 
concentration of the stream. To simulate the Hg concentration of industrial flue gas, the 
concentration value was set in the range of 20.5-22.5 mg/m3. Measured data was shown on the 
connected computer monitor.  
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Figure 2.4.1. Ohio Lumex Hg Analyzer RA-915+ and PYRO-915+ Attachment 
 
 Figure 2.4.2 shows the internal structure of solid Hg test devices PYRO-915+ attachment. 
The solid testing process was set to check the Hg content mass balance with the sample from the 
Hg gas test. The principle of solid gas device is to convert bound Hg into elemental state by 
pyrolysis at high temperature. The pyrolyzed elemental Hg is then transported to the analytical cell 
by a carrier gas (air) from the atomizer inside the device. According to the operator’s manual [105], 
when test starts, the sample is carried by a sample boat (8) and inserted into the first chamber of 
the atomizer (9) which is heated to the range of 200 - 800°C. Evaporated Hg is then transported to 
the second atomizer chamber where the sample’s organic matrix is burnt out. Air flow enters the 
analytical cell (11) from the atomizer and passes through the outlet absorption filter (13) for 
ventilation. The analytical cell at 610-730°C detects the Hg atoms and is connected to the 
analyzer’s optical system through the external optical unit (12). 
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Figure 2.4.2. Scheme of the PYRO-915+ Attachment [105] 
1. Inlet charcoal absorption filter;    11. Analytical cell (heated) 
2. Air pump;      12. External optical unit; 
3. Flow meter;      13. Outlet absorption filter;  
4. Pumping system controller;    14. Thermal chamber unit 
5. Display 
6. Power supply and pumping unit; 
7. Power system controller; 
8. Quartz boat with holder; 
9. First chamber of the atomizer (evaporator); 
10. Second chamber of the atomizer (afterburner); 
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Figure 2.4.3. Ohio Lumex Solid Test Calibration Devices and Related Chemicals 
 
 Calibration for the PYRO-915+ attachment is necessary to obtain accurate measurement 
results. Figure 2.4.3 includes calibration devices and preparation materials for processing the solid 
tests. The Eppendorf Reference 2 pipettes (left side of Figure 2.4.3) was used for volume setting 
and dispensing certified grade Hg solution. During the calibration process, 5, 10 and 100ng of Hg 
solution was instilled into non-iodated carbon which was carried by a quartz sample boat (bottom 
right corner of Figure 2.4.3). The sample boats were then inserted in the first chamber of the 
atomizer and the Hg concentration in the solid material can then computed and recorded by the 
RAPID software. Figure 2.4.4 shows the user interface of RAPID software. Figure 2.4.5 shows a 
Hg solid test measurement (0.212g non-iodated carbon used). PYRO-915+ measured the Hg 
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concentration from the sample boat which displayed as the yellow-highlighted area in the figure. 
The computer then calculated the integration of the highlighted area and obtained the Hg 
concentration per sample. The solid tests data will be presented in later section.  
 
Figure 2.4.4. RAPID Software Loading Screen. Solid test: click in “Sample Analysis”; Gas test: 
click in “Continuous measurements” 
 
Figure 2.4.5. Hg Solid Test – 0.212g non-iodated carbon used, expected sample Hg 
concentration: 100 ng/g, measured sample Hg concentration results: 99.6 ng/g. 
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Chapter 3: Results and Discussion 
3.1 Brunauer-Emmett-Teller (BET) Test Results 
BET results provide sample porosity information from the BET machine described in 
Chapter 2. A good deal of research has been performed in the field of chemical activation. Various 
parameters are important to consider for the anthracite activation processes [53, 61, 63]: carbonization 
temperature, carbonization time and chemical ratio. The porosity of activated samples from 
chemical activation methods, is highly dependent on carbonization temperature and chemical ratio. 
In this research, carbon samples were heated in the STT-1200C-3.5-12 High Temperature Tube 
Furnace at a 10ºC  /min heating rate, 1-hour carbonization time and 0.2 L/min N2 gas flow rate. 
These process parameters were set through the Nanodac Temperature Controller which was 
installed on the tube furnace.  
As mentioned in the preceding chapter, the activated carbon preparation included mixing 
KOH with the sample, followed by carbonization in N2 or CO2. A major interest of the current 
study was to investigate the effect of different temperatures and different chemical ratios 
“KOH/Anthracite mass ratio” or “KOH ratio” on the resulting sample’s porous properties. A KOH 
ratio percentage was estimated by: 
                                  KOH ratio (%) =  
𝑀𝑎𝑠𝑠 𝑜𝑓 𝐾𝑂𝐻 (𝑔)
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑖𝑒𝑑 𝑎𝑛𝑡ℎ𝑟𝑎𝑐𝑖𝑡𝑒 𝑐𝑜𝑎𝑙 (𝑔)
                         (6) 
For example, “100% KOH/Anthracite mass ratio” sample means that the sample is a mixture of 5 
grams of KOH powder and 5 grams of dried anthracite coal. A nomenclature was created for each 
of the samples, indicating the KOH/anthracite mass ratio, target heating temperature and the gas 
applied in the heating process. For example, sample “100%KOH-800-N2” was prepared with a 
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100% KOH ratio at 800ºC  and with nitrogen gas flow. The flow rate, carbonization time and 
heating rate were not included in the nomenclature.  
Sample surface area results were computed by the ASAP 2020 system and results are 
shown in Table 3.1.1. Figure 3.1.1 shows a column chart of surface area of the anthracite samples 
under different activated conditions. Materials in these tests include a commercial activated carbon 
(AC1), raw anthracite coal and the different anthracite-activated carbons. This includes carbon 
samples activated at three temperature levels: 700, 800 and 900ºC , and three different 
KOH/Anthracite ratios: 10%, 50% and 100%. The AC1 surface area analysis was repeated to check 
for instrument accuracy and calibration. And the results indicated the consistency in porous 
characteristics.  
There are reports in the literature on exploring the relationship between porous 
characteristics and Hg adsorption capacity of activated carbons. Skodras et al [53] reported that AC 
sample’s Hg adsorption capacity increases with larger sample BET surface area values. Therefore, 
from the BET measurements in this study, two samples with the largest surface area results were 
selected for further BET analysis: Anthracite-50%KOH-800-N2 (Sample #8) and Anthracite-
100%KOH-800-N2 (Sample #10). In Table 3.1.1, with the same KOH ratio and higher temperature, 
Sample #11 results in smaller surface area than Sample #10. This could be explained as the sample 
porous structure collapsed during activation, which leads to surface area reduction at higher 
temperature [107]. Table 3.1.2 shows particle surface area, average pore size, BJH adsorption 
cumulative volume of pores and BJH adsorption average pore width results of both selected 
samples and AC1. The BJH (Barrett, Joyner and Halenda) Method is a procedure to calculate pore 
size distributions [113]. It was found (Figure 3.1.1) that CO2 was not effective as N2 for the activation 
process. N2 was considered in the subsequent discussion. 
 41 
 
Table 3.1.1. Particle Surface Area of Anthracite Samples Under Different Activated Conditions 
(including raw coal and AC1)  
 
 
Table 3.1.2. Selected Samples Porous Property Results (Sample #8, Sample #10, AC1) 
Selected 
Samples 
Particle 
Surface 
Area 
(m^2/g) 
Particle 
Average Size 
(µm) 
BJH Adsorption 
Cumulative 
Surface Area of 
Pores (m^2/g) 
BJH 
Adsorption 
Cumulative 
Volume of 
Pores 
(cm^3/g) 
BJH 
Adsorption 
Average Pore 
Width (nm)  
AC1 
(Commercial) 
391.47 153.27 324.65 0.36 44.32 
Sample #8 794.84 75.49 684.66 0.28 16.24 
Sample #10 712.68 87.55 589.56 0.24 16.32 
 
 
Sample 
Number
Description
Carbonization 
Temperature 
(°C)
Carbonization 
Time (hour)
Heating 
Rate 
(°C/min)
Gas
Gas Flow 
Rate 
(L/min)
Particle 
Surface 
Area 
(m^2/g)
1 Raw Anthracite Coal 2.60
2 AC1 (1st Test) 388.00
3 AC1 (2nd Test) 391.47
4 Anthracite-0%KOH-700-N2 700 1 10 N2 0.2 6.50
5 Anthracite-10%KOH-700-N2 700 1 10 N2 0.2 0.70
6 Anthracite-50%KOH-700-N2 700 1 10 N2 0.2 29.00
7 Anthracite-100%KOH-700-N2 700 1 10 N2 0.2 329.00
8 Anthracite-50%KOH-800-N2 800 1 10 N2 0.2 794.84
9 Anthracite-50%KOH-900-N2 900 1 10 N2 0.2 679.42
10 Anthracite-100%KOH-800-N2 800 1 10 N2 0.2 712.68
11 Anthracite-100%KOH-900-N2 900 1 10 N2 0.2 381.57
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Figure 3.1.1. Surface Area of Anthracite Samples Under Different Activation Conditions 
(including raw coal and AC)  
 
Effect of KOH/Anthracite Mass Ratio 
As previously mentioned, the impregnated samples with different KOH/anthracite mass 
ratios were prepared by mixing dehydrated coal samples with KOH powder at multiple mass ratios. 
The following KOH/Anthracite mass ratios were used in order to determine the sample with larger 
BET results: 10, 50 and 100%. Previous carbon activation studies have proved that KOH is an 
effective chemical in improving activated carbon’s pore structure [62-65]. Furthermore, Lozano-
Castelló et al. [61] reported that different KOH: anthracite sample mass ratios will result in 
significant variance in BET values.  
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Figure 3.1.2-3.1.6 shows the effect of KOH/anthracite mass ratio on the porous properties 
of the coal sample activated by a chemical method. The sample with 0% KOH/Anthracite ratio 
indicates that no KOH powder was used in this case. 
Coal samples with different KOH ratios at 700ºC  are shown in Figure 3.1.2. The results 
indicate that KOH ratios larger than 50% increase the surface area value up to 329 m2/g at 700ºC . 
These results are consistent with other researcher’s findings in the literature [63]. Thus, samples 
with 50% and 100% KOH/anthracite mass ratio were selected for further BET analysis. Increasing 
KOH treatment in the carbon sample promote coal dehydrogenation and leads to a rigid matrix 
which makes the material less prone to volatile evolution and volume reduction during heating 
process and results in a preferable porosity [62].  
 Figure 3.1.3 shows the activated carbon samples surface area results with KOH ratio 
ranging from 50 to 100%, at different carbonization temperatures. At 700°C, the largest surface 
area was found for a sample with a 100%KOH ratio. However, the sample with 50% KOH at 
800ºC  obtained a good surface area. The resulting high temperature surface area value decreased 
with higher KOH ratio, and it can be ascribed to carbon gasification at higher temperatures, which 
leads to external carbon removal and pore widening. Furthermore, gasification and widening of 
pores would damage the pore structure resulting in a surface area decrease [107]. Figure 3.1.4 shows 
the pore size distribution at different KOH ratios and different temperatures (700, 800 and 900ºC). 
Samples at 700°C  resulted in larger average pore widths. For samples activated at 800 and 900°C, 
the average pore width values are similar for different KOH ratios. Figures 3.1.3 – 3.1.5 suggest 
that 50% KOH/anthracite mass ratio at an activation temperature around 700°C can obtain best 
surface area and average pore volumes results. As the KOH ratio increases, samples heated at 
700°C behave differently than those that undergo higher temperatures. This phenomenon suggest 
 44 
 
that temperature is a key factor in determining carbon sample’s porous structure. The 
KOH/anthracite ratio not only affects the pore structure but also the distribution of sample’s 
surface area, pore volume and particle size. The KOH ratio is a factor that plays an important role 
in carbon activation. Figure 3.1.6 suggests that the sample weight loss after heat treatment would 
not have a significant change as the chemical ratio increase.  
 
Figure 3.1.2. Surface Area of Different Samples with Different KOH/Anthracite Mass Ratios  
(10°C/min heating rate, 0.2 L/min N2 gas flow rate, 1-hour carbonization time) 
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Figure 3.1.3. Surface Area vs. KOH/Anthracite Mass Ratios  
(10°C/min heating rate, 0.2 L/min N2 gas flow rate, 1-hour carbonization time) 
 
Figure 3.1.4 Average Pore Width vs. KOH/Anthracite Mass Ratios  
(10°C/min heating rate, 0.2 L/min N2 gas flow rate, 1-hour carbonization time) 
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Figure 3.1.5. Pore Volume vs. KOH/Anthracite Mass Ratios  
(10°C/min heating rate, 0.2 L/min N2 gas flow rate, 1-hour carbonization time) 
 
Figure 3.1.6. Weight Loss vs. KOH/Anthracite Mass Ratios  
(10°C/min heating rate, 0.2 L/min N2 gas flow rate, 1-hour carbonization time) 
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Effect of Carbonization Temperature 
Carbonization temperature is another important factor in influencing carbon porous 
property results. The relationship between sample’s surface area, micropore volume and particle 
size at different carbonization temperatures was studied [61,63,109]. The effect of different 
temperatures (700, 800 and 900ºC ) on coal sample’s surface area, average pore width, average 
pore volume, particle size and weight loss are shown in Figures 3.1.7-3.1.11.   
 
 
Figure 3.1.7. Effect of Temperature on Coal Sample’s Surface Area 
(10°C/min heating rate, 0.2 L/min N2 gas flow rate, 1-hour carbonization time) 
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Figure 3.1.8. Effect of Temperature on Coal Sample’s Average Pore Width  
(10°C/min heating rate, 0.2 L/min N2 gas flow rate, 1-hour carbonization time) 
 
Figure 3.1.9. Effect of Temperature on Coal Sample’s Particle Size  
(10°C/min heating rate, 0.2 L/min N2 gas flow rate, 1-hour carbonization time) 
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Figure 3.1.10. Effect of Temperature on Coal Sample’s Pore Volume  
(10°C/min heating rate, 0.2 L/min N2 gas flow rate, 1-hour carbonization time) 
 
Figure 3.1.11. Effect of Temperature on Coal Sample’s Weight Loss 
(10°C/min heating rate, 0.2 L/min N2 gas flow rate, 1-hour carbonization time) 
 50 
 
 Figure 3.1.7 shows that carbon samples heated with a 50-100% KOH ratio result in higher 
surface area and pore volume values at 800°C. An explanation of the sample’s surface area 
decreased at higher temperatures (900°C) is that the pore structure may have collapsed upon the 
pyrolysis process which leads to pore volume and surface area reduction [107]. From Figure 3.1.7-
11, samples with larger particle size were observed with smaller surface area and average pore 
volume results. The relationship between sample’s surface area and average particle size values is 
shown in Figure 3.1.12. Ahmadpour et al. [63] reported similar finding indicating that particles with 
larger size will have less surface wall to react with chemical agents. One of the most important 
effects of chemical agents in carbon activation is to reduce tar formation, enhance carbon yield 
and the development of porosity. Less chemical action on carbon will recedes this effect and thus, 
lead to a lower porous structure. Figures 3.1.7 – 3.1.11 indicate that for carbon activated by KOH 
in the temperature range between 700-900°C, 800°C is the optimal temperature to improve partial 
characteristics for sorption. Finally, it would be expected that samples losing weight at higher 
temperatures, (see Figure 3.1.11), would be subject to enhanced CO2 gasification, caused by the 
increased temperature [107]. 
 
 51 
 
 
Figure 3.1.12. Activated Anthracite Samples Surface Area vs. Average Particle Size  
 
Effect of Sample Washing Process 
Sample washing is a necessary step for carbon activation by a chemical method. Lozano-
Castelló et al. [61] reported that in washing samples, the chemical compound blocked the unwashed 
carbon sample’s porosity. Therefore, chemical agents involved in carbon activation must be 
removed to create significant micro-porosity. According to this research, using HCl and water in 
the washing process resulted in a somewhat higher micropore volume and much lower ash content 
of the produced carbon samples. The sample washing process in this study used both HCl and 
distilled water to remove all the potassium compound and obtain better results in sample’s porosity.  
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Effect of Carbonization Time 
 The effect of carbonization time on the porous characteristics of the coal samples was 
studied to find out an optimal value in carbon sample’s porosity development. H. Teng et al. [107] 
reported that 1 hour of carbonization time provided maximum surface area and pore volume results. 
Additional time could cause porosity decreasing due to the caking of the structure with extended 
heat treatment [109]. Therefore, in the present study 1 hour was used as the carbonization time during 
the heating process.  
 
3.2 Hg Adsorption Results 
 As previously mentioned, the selected samples with high porous property values were 
tested for their Hg adsorption capacities. Raw anthracite was first tested prior to the selected 
samples to find out its Hg adsorption baseline. Total Hg adsorption of the samples was computed 
by the following equation [106]: 
                                                    𝑀𝐻𝑔 =  ∫ (𝐶0 −  𝐶𝑡) ∗ 𝑑𝑉𝑡
𝑉𝑡
0
                                                          (7)         
where MHg is the total Hg adsorbed by the tested sample, C0 and Ct represents the influent and 
effluent Hg concentrations at time t. Vt stands for the total gas flow volume passed through the 
sample at time t.  
 The Hg adsorbed per unit mass of tested sample, mHg, was calculated by the following 
equation: 
𝑚𝐻𝑔 =  
∫ (𝐶0 −  𝐶𝑡) ∗ 𝑑𝑉𝑡
𝑉𝑡
0
𝑚𝑐
                                                              (8) 
where mc is the mass of tested carbon sample. 
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 The total gas flow volume at time t can be calculated as follows: 
𝑉𝑡 = 𝐹𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 (
𝐿
𝑚𝑖𝑛
) ∗ 𝑇𝑜𝑡𝑎𝑙 𝑡𝑒𝑠𝑡𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 (𝑚𝑖𝑛)                              (9) 
The procedure of computing the coal sample’s Hg adsorption capacity is shown below: 
Given parameters: 
1. Hg gas flow rate = 3.17 L/min [110] 
2. Hg concentration 
Import experimental data to an Excel document and obtain the Hg concentration values for the test 
period. Calculate the concentration difference between the flow before coal injection and after, 
then use the following equations to compute the Hg adsorption value for every second in the testing 
process. 
 𝐻𝑔 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 (
ng
s
) = 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑏𝑦 𝐿𝑈𝑀𝐸𝑋 (
𝑛𝑔
𝑚3
) ∗ 𝐹𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 (
𝐿
𝑚𝑖𝑛
) 
           =  𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑏𝑦 𝐿𝑈𝑀𝐸𝑋 ∗ 3.17 (
𝑛𝑔
𝑚3
) (
𝐿
𝑚𝑖𝑛
) 
           =  𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑏𝑦 𝐿𝑈𝑀𝐸𝑋 ∗ 3.17 (
𝑛𝑔
𝑚3
) (
0.001𝑚3
60𝑠
)  
                                 =  
𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑏𝑦 𝐿𝑈𝑀𝐸𝑋 ∗ 3.17
60,000
 (
𝑛𝑔
𝑠
)                       (10) 
To obtain the total Hg adsorption value, sum up the Hg adsorption values for every second 
of the testing processes. 
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Figure 3.2.1 shows the Hg adsorption curve for 0.2-gram of AC1. The reason of using 0.2-
gram AC1 in the test was because larger sample mass would lead to a longer testing time for the 
adsorption curve to recover back to the initial concentration level. Therefore, a reduced sample 
amount used in the test was helpful to calculate its total Hg adsorption capacity within the shortest 
possible time. Cin and Cout represent the Hg concentration detected by the Ohio Lumex Hg analyzer 
set with an empty tube (no sample) and with a carbon sample impregnated. The ratio of Cout/Cin 
shows the Hg adsorption level of each tested sample. “Hg C” represents the Hg concentration of 
the gas. Table 3.2.1 shows the discrete data of sample for “5-29_Hg C 22000_0.2g AC1”. Note 
that due to the precision of the CAVKIT Hg Calibration System and the Ohio Lumex Hg Analyzer, 
the Hg concentration with the empty tube (Cout) was estimated as a fixed value and the percentage 
error is within ±0.1%. The column “Hg adsorption (ng/s)” represents the Hg adsorption values for 
every second in the test. 
Total Hg absorbed in the test = summation of the “Hg adsorption (ng/s)” column = 
10,028.42 ng. 
𝐴𝐶1 𝐻𝑔 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (
𝑛𝑔
𝑚𝑔
) =  
10,028.42
200
= 50.14(
𝑛𝑔
𝑚𝑔
) 
 
 
 
 
 
 
 55 
 
Table 3.2.1. Partial Data of Sample “5-29_Hg C 22000_0.2g AC1” 
 
 
Time (s) Time (Hrs) Cin/Cout 5.23_1g AC1_22000 Hg C (ng/m^3)
1 0.000278 0.999072 21979.57802 22000
2 0.000556 0.997654 21948.37937 22000
3 0.000833 0.998441 21965.71113 22000
4 0.001111 0.998508 21967.17698 22000
5 0.001389 1.000654 22014.39331 22000
6 0.001667 1.001479 22032.53911 22000
7 0.001944 1.001709 22037.59004 22000
8 0.002222 1.0025 22055.00848 22000
9 0.0025 0.998549 21968.07437 22000
10 0.002778 0.995902 21909.84439 22000
11 0.003056 0.995817 21907.97429 22000
12 0.003333 0.99969 21993.17594 22000
13 0.003611 0.998677 21970.89318 22000
14 0.003889 0.996478 21922.51581 22000
15 0.004167 0.997582 21946.8138 22000
16 0.004444 0.993045 21847.00045 22000
17 0.004722 0.99213 21826.87035 22000
18 0.005 0.990545 21791.98864 22000
19 0.005278 0.99258 21836.75556 22000
20 0.005556 0.991432 21811.50011 22000
21 0.005833 0.992546 21836.01534 22000
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Figure 3.2.1. Hg Adsorption Curve of Sample “5-29_Hg C 22000_0.2g AC1” 
 (22,000 ng/m3 Hg concentration, Hg gas flow rate 3.17 L/min, testing temperature 25ºC ) 
 
Figures 3.2.2-3.2.3 show the adsorption curve of raw anthracite coal and the quartz wool 
used to hold the samples. For both tests, the curves reached a minimum level at the beginning of 
the test. A nomenclature was created for samples in Figures 3.2.1- 3.2.9 and 3.2.11 indicating the 
sample’s status in the Hg gas adsorption tests. Tested samples were labeled as such: “Testing date 
+ Initial Hg concentration (ng/m3) + Sample type with amount of usage”. For example, “5.15_Hg 
C 22050_1g AC1 (ng/m3)” means a Hg gas test, 1-gram commercial carbon product (AC1) and a 
Hg gas concentration 22,050 ng/m3, performed on 5.15.2019. 
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Figure 3.2.2. Two-grams Raw Anthracite Hg Adsorption Test  
(22,000 ng/m3 Hg concentration, Hg gas flow rate 3.17 L/min, testing temperature 25ºC)  
 
Figure 3.2.3 One-gram Quartz Wool Hg Adsorption Test  
(12,700 ng/m3 Hg concentration, Hg gas flow rate 3.17 L/min, testing temperature 25ºC)  
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 As observed in Figure 3.2.2, raw anthracite has negligible ability for Hg removal. The Hg 
adsorption curve went through a short drop and raised back rapidly. The adsorption curve was then 
becoming stable after its initial period. The peak where Cout/Cin value increased to greater than 1 
can be explained by the effect due to valves switching from an empty tube to the sample reactor 
bed. Residual Hg in flue gas from the changed empty tube caused this temporary higher Hg 
concentration. Another test was done to show the effect on Hg adsorption by the quartz wool. 
Figure 3.2.3 shows that the Hg adsorption curve of wool has a quick drop after Hg gas flows to 
the reactor bed with quartz fiber. The curve recovered back right after the dropping and became 
stable similarly to the raw anthracite Hg adsorption test (see Figure 3.2.2). Therefore, the quartz 
wool was considered to have a trivial effect on Hg adsorption.  
Table 3.2.2 shows the calculated results for Hg adsorption capacities of the different 
sorbents (AC1, Sample #8 and Sample #10). Testing temperature was around 25°C. Adsorbing 
time represents the testing time period started from when the adsorption curve dropped to the 
lowest concentration value. Note that the adsorption capacity values of Samples #8 and #10 only 
represent their partial Hg adsorption abilities. Samples #8 and #10’s potential for greater 
adsorption than AC1 exists since longer time is needed for their curves to fully recover back to the 
baseline Hg level. At adsorbing times around 6 - 7 hours, Samples #8 and #10 have higher amount 
of Hg adsorption than AC1 at the same time, therefore the total Hg adsorption capacities of these 
two samples are obviously greater than AC1 for application in a power plant setting.  
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Table 3.2.2. Hg Adsorption Capacities of Samples (AC1, Sample #8 and Sample #10)  
 
 Figures 3.2.4-3.2.7 shows the adsorption performances of AC1, and Samples #8 and #10. 
As it is observed, compared to the other two carbon samples, the AC1 has a lower Hg removal 
capacity, while Sample #10 has the best. Sorbents prepared with the highest KOH ratio (100% 
KOH ratio) possess Hg removal ability higher than the other two examined samples. Each sample 
tested was repeated to check for analyzer’s accuracy. Furthermore, tests of Samples #8 and #10 
were repeated one more time to ensure the sample activation method is reproducible (see Figures 
3.2.5-3.2.6).  
Furthermore, Figure 3.2.8 shows the adsorption performance of a carbon sample activated 
by an HBr aqueous solution. Previous studies have reported fly ash activation with hydrobromide 
acid as a chemical agent [112]. The HBr/Anthracite mass ratio shows how much HBr was used with 
raw anthracite coal. The HBr/Anthracite mass ratio was calculated by: 
                                 𝐻𝐵𝑟/𝐴𝑛𝑡ℎ𝑟𝑎𝑐𝑖𝑡𝑒 𝑟𝑎𝑡𝑖𝑜 (%) =
𝐻𝐵𝑟 𝑚𝑎𝑠𝑠 (𝑔)
𝐴𝑛𝑡ℎ𝑟𝑎𝑐𝑖𝑡𝑒 𝑚𝑎𝑠𝑠(𝑔)
                          (11)     
 In these tests, 10% HBr/Anthracite ratio was used. From Figure 3.2.9, the HBr activated 
sample demonstrated a similar adsorption curve as that of Sample #10 and shows better Hg 
adsorption ability than with Sample #8. The HBr result curve indicates an alternative option for 
Name
Amount 
of usage 
(g)
BET Surface 
Area(m^2/g
)
Particle Size
BJH Adsorption 
Cumulative 
surface area of 
pores (m^2/g)
Pore 
Volume 
(cm^3/g)
Average 
Pore 
Width(nm
)
Adsorbing 
Time 
(Hrs)
Hg Adsorption 
Capacity 
(ng/mg)
1 6.91 10.63
1 6.75 11.07
1 6.6 17.19
1 7.32 19.93
1 6.65 25.03
1 4.93 18.98
87.55
153.27 0.36 44.32
75.49 0.28 16.24
0.24 16.32
324.65
684.66
589.56
AC1
Sample #8
Sample #10
391.47
794.84
712.68
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anthracite activation. The reason by which an HBr activated sample has higher adsorption 
efficiency than AC1 and Sample #8 can be explained as the promoting effect on the elemental Hg 
transformed to oxidized Hg by halogen attached to the carbon surfaces [112]. This may imply 
chemical absorption. 
 
 
Figure 3.2.4. One-gram AC1 Sample Adsorption Test Results                                                  
(22,000 and 22,050 ng/m3 Hg concentration, Hg gas flow rate 3.17 L/min, testing temperature 
25ºC) 
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Figure 3.2.5. One-gram Sample #8 Adsorption Test Results  
(20,500-22,200 ng/m3 Hg concentration, Hg gas flow rate 3.17 L/min, testing temperature 25ºC) 
 
Figure 3.2.6. One-gram Sample #10 Adsorption Test Results  
(22,200-22,800 ng/m3 Hg concentration, Hg gas flow rate 3.17 L/min, testing temperature 25ºC) 
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Figure 3.2.7. One-gram AC1 vs. 1-gram Sample #8 vs. 1-gram Sample #10 Adsorption Results  
(22,050-22,800 ng/m3 Hg concentration, Hg gas flow rate 3.17 L/min, testing temperature 25ºC) 
 
Figure 3.2.8. One-gram Coal+HBr Sample Adsorption Result  
(21,100 ng/m3 Hg concentration, Hg gas flow rate 3.17 L/min, testing temperature 25ºC 
with 10% HBr/anthracite mass ratio) 
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Figure 3.2.9. One-gram AC1 vs One-gram Sample #8 vs One-gram Sample #10 vs One-gram 
HBr Soaked Sample Adsorption Results. (21,100-22,800 ng/m3 Hg concentration, 3.17 L/min, 
10% HBr/anthracite mass ratio, testing temperature 25ºC ) 
 
Studies have been reported on Hg adsorption capacities of different activated carbons. 
Figure 3.2.10 presents an Hg adsorption results by R. Vidic et. al [111]. Sulfur was used as the 
chemical agent and mixed it with a commercial activated carbon product. Figure 3.2.10 shows the 
temperature effect on the Hg adsorption performance of the activated carbon samples. The 
experiments in this thesis used KOH as activating chemical agent and proceeded under room 
temperature (25ºC ). Similar behavior was found in the samples of this study about Hg adsorption 
in comparison to the 25ºC  results of the research by R. Vidic et. al (see Figures 3.2.10 and 3.2.11). 
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This leads to believe that the test parameters such as Hg gas concentration, temperature and the 
chemical agent used are parameters that affect the result. Furthermore, it confirmed the results 
from these two studies. 
 
 
Figure 3.2.10 Effect of Temperature on Breakthrough for F-400 Absorber [111]  
0.1g Activated Carbon used, 115,000 ng/m3 Hg gas concentration, 0.97 L/min gas flow rate, 
testing temperature 25-200ºC  
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Figure 3.2.11 Effect of Different Activated Carbon Samples of This Study on Hg Adsorption, 
(1g sample used for each adsorption test, 
 20,500-22,200 ng/m3 Hg concentration, 3.17 L/min gas flow rate, testing temperature 25ºC ) 
 
Quality Control 
 As mentioned in the previous chapters, it was important in these Hg tests to check the mass 
balance of Hg in the activated carbon and gas stream. Instrument calibration was carried out prior 
to sample testing and results are shown in Figure 3.2.12. In the figure, excellent activation 
coefficients were achieved. A Hg volumetric solution used, were 5, 10 and 100 ng samples were 
used. Table 3.2.3 shows the Hg content in materials measured by PYRO-915+ before and after Hg 
gas tests. The Hg adsorbed by materials during each gas test can be calculated by subtracting the 
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initial Hg content from the total Hg adsorption value. This table indicates that the initial Hg 
concentration of all materials is negligible. After the processed Hg adsorption tests, AC1 and 
Sample #8 were able to adsorb significant amount of Hg and the quartz wool has trivial effect in 
Hg removal process.  All measurements show that the result error was ±5%.  
 
 
Figure 3.2.12. Ohio Lumex PYRO-915+ Solid Calibration Results  
(calibration points: 5ng, 10ng, 100 ng Hg) 
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Table 3.2.3. Hg Content in Materials Before and After Hg Adsorption Tests 
Sample Description Hg concentration (ng/g) 
Pure Non-iodated Carbon  1.1 
Non-iodated Carbon with 100ng Hg 99.6 
Initial Hg concentration: Quartz fiber  1.4 
Hg concentration after gas test: Quartz fiber   2.5  
  
Initial Hg concentration: AC1  0.4 
Hg concentration after gas test: AC1 (0.06g used) 26,070 
Initial Hg concentration: #8 Sample  1.6 
Hg concentration after gas test: #8 Sample (1g used) 16,520  
 
Finally, Table 3.2.4 shows the iodine number results of raw anthracite coal, AC1 and 
Samples #8 and #10. These results were analyzed and presented by RJ Lee Group Inc. The Iodine 
number is defined as the milligrams of iodine adsorbed by one-gram of material when the iodine 
concentration in the residual filtrate is at a concentration of 0.02N [114].  It gives an estimate of its 
surface area and porosity by adsorption of iodine. This parameter is a standard used in the industry 
and it is reported by suppliers of AC for applications in Hg emissions control in coal-fired power 
plants. Results in Table 3.2.4 shows that Sample #10 has the highest iodine number and raw 
anthracite coal has the lowest Iodine number. These findings confirm the results offered by BET 
and Hg adsorption tests. These results are very encouraging, since they offer good indication, 
confirmed by an outside laboratory, that the anthracite activation method used in this study and 
the activated materials developed in the research have potential value for Blaschak in finding other 
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non-energy uses of their anthracite coal. Using their product as a sorbent for Hg emissions control 
applications is very important. 
 
Table 3.2.4. Sample Iodine Number Results (Raw anthracite, AC1, Samples #8 and #10) 
Sample Name Iodine Number Results (mg/g) 
Raw Anthracite Coal Sample 54 
AC1 268 
Sample #8 225 
Sample #10 580 
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Chapter 4: Conclusions and Recommendations 
Conclusions 
Activated carbons were produced from raw anthracite coal by a combined physical and 
chemical activation method and were examined for their Hg adsorption abilities. The activated 
carbon samples resulted in BET surface areas, average pore width, particle size and average pore 
volumes comparable to commercial activated carbon. Sorbent with pore volumes up to 2.8 cm3/g 
and BET surface area as large as 794 m2/g can be prepared from a mixture of anthracite and KOH, 
under N2. The pore volume and surface area of the final activated carbon product from raw 
anthracite can be controlled by modifying appropriate activation conditions.  
Different parameters that effect on the carbon activation by the chemical method were 
investigated. Among all the studied parameters, the resulting sample porosity increases with 
temperature up to a maximum at 800℃ then starts to decrease with higher temperatures. Carbon 
gasification plays an important role in determining carbon sample’s porous characteristics. The 
optimum KOH/anthracite mass ratio for carbon sample porosity was found to be 100% (on a mass 
basis) at a carbonization temperature of 800℃. The variation of the surface characteristics of the 
activated material with the chemical ratio can be attributed to the potassium compound and CO2 
reactions on the carbon surfaces. This option also exhibited a greater Hg adsorption performance. 
The method of making the samples was found to be reproducible and a prolonged time of sample 
washing stage could help in removing the residual chemical agent in the sample porous structure.  
In terms of Hg sorption capacity, Samples #8 and #10 resulted in better Hg removal 
efficiencies than AC1 and Sample #10 showed the best Hg sorption performance. Iodine number 
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results indicate that Sample #10 has also the highest Iodine number which confirms the conclusion 
above.  
Recommendations 
1. The present study used KOH as chemical agent for carbon activation. As mentioned in 
previous chapters, options of other chemical agents (HBr, Sulfur, etc.) are recommended 
to be studied. 
2. As the literature reviewed mentioned, different gas flow rates during the heating process 
are recommended to explore to find out the optimal flow rate for carbon porosity 
development. Other testing conditions such as higher KOH/anthracite ratio (150%, 200%, 
300%, etc.), and different carbonization times are also recommended to be studied for 
finding the most effective testing parameters to produce activated carbon with high 
porosity development. 
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